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IN T R O D U C T IO N
Quality control techniques have been used by industry for many 
years to control manufactured products. These control procedures are 
based upon statistical concepts and are intended to be a tool to assist 
the manufacturer—in the case of highway construction—the contrac­
tor and the Indiana State Highway Commission in insuring that a qual­
ity product results. These concepts are built around the principle 
that it is possible to randomly select a small sample of a product and 
then predict from this sample an average value of quality to be as­
signed to the entire lot of the manufactured product.
Quality control studies in the area of highway construction have 
been conducted at Purdue University over the past several years with 
field studies having been made of plastic concrete and compaction of 
subgrades and subbases (1)*. This paper will not deal with quality 
control as such, but rather will deal entirely with techniques that can 
be adopted for control of compaction.
The results of the field studies of compaction show forcibly that 
variability in the finished product is inevitable. Unfortunately, the ten­
dency of most practicing engineers is to shy away from the thought 
that their product is variable since it can be construed to be a reflection 
on their ability. The reasons for measured variability of compaction 
are many, primary among which is the fact that tests are made on a 
very small sample, from a hole approximately 4 in. diameter, and it 
is assumed this test result represents a relatively long stretch of road.
* Numbers in parentheses refer to references listed at the end of this paper.
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i t  is pertinent first to look at the factors which make measured 
variability exist in the compacted product. Table 1 shows several factors 
that influence variability.
Table 1. Some Factors Which Influence Compaction Control 
Q U A L IT Y  C O N T R O L  T E C H N IQ U E S
A. Contractor variability
1. Difficulty of the contractor to compact any material with 
absolute uniformity.
B. Testing variability
1. Difficulty of inspector to reproduce test results
C. Judgment factor
1. Human factor which judges whether the “average” degree 
of compaction is good enough.
T H IS  PAPER
D. Material Variability
1. Inability of the inspector to select the correct control value 
(maximum density).
E. Computations
1. Inability of the inspector to make the necessary computa­
tions correctly. Often the inspector cannot perform simple 
multiplication and division.
First it should be recognized that it is probably impossible for the 
highway contractor to furnish a completely uniform product. This re­
sults from many factors not the least of which includes speed of con­
struction and economics of the problem. It is doubtful whether any 
agency can afford to build a completely uniform product. Rather, it 
should be recognized the variability exists and every attempt should 
be made to take it into account in the design of the facility.
A second factor is testing variability, or difficulty of the inspector 
to reproduce his test results.
A third, and one of the most important factors, is the human 
factor which judges whether the average degree of compaction is good 
enough.
The three factors just mentioned can be evaluated using quality 
control techniques. It will not be the purpose of this paper to discuss 
quality control techniques, but rather emphasis will be placed upon the 
two items listed at the bottom of Table 1.
It is believed that, in so far as testing itself is concerned, the two
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major factors which govern the accuracy of the test are the inability 
of the inspector to select the correct laboratory control value and, 
unfortunately, the inability of the inspector many times to make the 
necessary computations.
SUBGRADES
Before discussing the matter of selecting the correct control value, 
consider first the results of a series of tests performed on three sub­
grade projects (Fig. 1). First it should be noted that the average 
compaction level indicated by these tests was approximately the speci­
fied value of one hundred percent density but that the individual values 
of percent compaction for the finished project ranged from 80 percent 
to 110 percent.
Fig. 1. Frequency histogram showing the variations of field compacted 
density for three subgrade projects.
The projects illustrated were controlled using the present techniques 
which require all of the samples to be compacted to at least 100 percent 
density. Nevertheless, the density ranged from 80 percent to 110 per­
cent. It is believed that this variation in density is due primarily to the 
fact that too few samples were obtained by the inspector controlling 
the work and that data from the small density holes were used to 
interpolate an average density over too large an area. Also as a part of 
this picture, the inability of the inspector to select the correct con­
trol value probably had its effect.
To illustrate this latter point regarding selection of the correct
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control value, Fig. 2 shows a series of compaction curves for a specific 
project. I t should be mentioned that these tests were performed in the 
laboratory and that they represent a stretch of subgrade approximately 
20,000 feet long. It should be noted that the maximum density of this 
subgrade ranged from 111 pounds per cubic foot to 129 pounds per 
cubic foot.
Since a trained and experienced soils engineer would have extreme 
difficulty in selecting the correct compaction curve that represented the 
material he took from the compaction hole, it is axiomatic that the in-
Fig. 2. Set of compaction curves for soils encountered on subgrade
Project S-3.
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spector many times finds this almost an insurmountable task. Unfor­
tunately, this choice too often is pure guess work.
Two possibilities present themselves which would permit the inspec­
tor to select the correct curve. First, it would be possible to run 
classification tests on a large number of samples prior to construction, 
perform compaction tests on some of the samples and then correlate 
density with one of the classification indices. This technique is illus­
trated on Fig. 3 for one of the projects that was investigated. Here
Fig. 3. Relationship between classification and maximum density data 
for subgrade Project S-3.
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plasticity index is plotted against liquid limit, the soils were grouped, 
and average densities for the soils in a given group were obtained. To 
use this approach it would be necessary for the project engineer or 
inspector to run classification tests, or visually classify the soil in the 
field, and to select the control density on the basis of the classifica­
tion tests results. This has the obvious disadvantage that it would be 
necessary to run a large number of classification tests to permit cor­
relation of these results with results of compaction tests.
Referring to the compaction curves in Fig. 2, it appears reasonable 
to take advantage of the trend that exists in the compaction curve 
data; as maximum density increases optimum moisture content de­
creases. The second method then is based upon averaging the curves 
in groups and taking advantage of the trend that exists between maxi­
mum density and optimum moisture content.
This concept was first presented by Woods (2) and later by Spencer 
(3) and others. Fig. 4 shows the typical curves developed by Spencer. 
The curves in Fig. 4 are representative of a large number of samples of 
Indiana soils.
To use typical curves of the type shown in Fig. 4, it is necessary 
for the inspector to take the sample from the density hole and to com­
pact it in the standard cylinder, using standard compaction test pro­
cedures to produce a “one-point compaction curve.” This test is made 
at the existing moisture content of the material in the field although 
the moisture content can be adjusted at will by the inspector to bring 
it near optimum moisture content.
Next the cylinder is weighed and the density of the soil is obtained. 
It is important to note that this test is made in the standard cylinder 
using the standard technique and that density as determined is inde­
pendent of the actual density that exists in the field.
Next the moisture content of the sample is determined by drying 
a sample of the soil over a stove or using some other suitable method.
The moisture and density data for this “one-point test” are next 
plotted on the typical curves (Fig. 5) and the maximum density of 
the material is obtained by interpolating as shown on the Fig. 5. This 
method permits the inspector to select the maximum, density with 
some degree of certainty. The maximum density value is then com­
pared to the field density to obtain percent compaction.
One advantage of this method is that it is not necessary, although 
it is desirable, to perform laboratory compaction tests prior to con­
struction. Rather, selection of maximum density is done in the field on 
the exact sample that is taken from the density hole.
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Fig. 4. Set of typical compaction curves for Indiana soils (after Spencer).
A G G REG ATE M ATERIALS
Figure 6 shows the variation of percent compaction for three finished 
subbase projects. The subbases illustrated are from under portland 
cement concrete pavements.
First it should be noted that variation of compacted density of the 
finished product existed but, more important for these projects, the 
average percent compaction for these projects was well below the sped-
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Fig. 5. Illustration showing use of “one-point compaction test” data.
fied value of 100 percent of maximum density as the actual range of 
individual values observed was from 80 percent to 100 percent.
It is believed that the variation in finished product and, in particu­
lar, the low average density was due primarily to two things. First and 
probably most important, the maximum density tests were made on 
samples obtained prior to construction and these samples may not 
have been representative of the material contained in the density hole. 
Second, the inability of the inspector to select the correct control value 
also had an effect.
To permit a look at a method for controlling compaction of sub­
base materials, consider first the “mechanics of stabilization” of the 
material itself. In Fig. 7, the upper portion of the figure indicates 
schematically an aggregate which has varying percentages of fine ma­
terial contained in it. The lower part of the figure indicates the maxi­
mum density that might exist for varying amounts of passing the 
No. 4 sieve.
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Fig. 6. Frequency histogram showing the variation of field compacted 
density for three subbase projects.
Fig. 7. Variation of density with grain size distribution.
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The aggregate which contains no material finer than the No. 4 
sieve, shown on the left hand side of the figure, has a relatively low 
density. As fine material is added to the aggregate its density increases 
since the fine material fills up the voids between the aggregate parti­
cles. As more fine material is added to the aggregate the total density 
increases to a maximum value and then decreases.
Concepts of this were presented as a result of a study conducted 
at Purdue University in 1946 and were reported by Yoder and Woods 
at the Highway Research Board (4).
For control purposes, tests can be made on a material from a pit 
and a plot obtained of maximum density versus percent of material 
passing the No. 4 sieve. Fig. 8 shows control curves that were devel­
oped for five projects. Two of the projects (L -l and L-2) are in the vi­
cinity of Lafayette, Indiana, while the other three curves represent 
materials from highway construction projects studied during the qual­
ity control investigation.
To use this type of curve for control it is first necessary to sample 
a source of material and to bring samples of it into the laboratory. 
The material is broken on the No. 4 sieve and recombined using various 
ratios of coarse aggregate to material passing the No. 4 sieve. Labora­
tory compaction tests are then run on these various mixtures and 
curves, such as shown on Fig. 8, are plotted.
After the control curves are developed, control in the field is exer­
cised in the following manner: after the density test is run, the ma-
Fig. 8. Density control curves for five granular materials.
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terial is sieved through a No. 4 sieve and the percentage of material 
which passes the No. 4 is determined. After the percentage of material 
passing the No. 4 is obtained, this value is entered on the control 
chart and the maximum value of density is selected for this specific 
sample. It should be brought out that the No. 4 sieve is not necessarily 
the only sieve that can be used for the correlations although it seems 
to work the best of those that have been tried.
It should be noted that the material may either be dried out prior 
to sieving or may be sieved in a damp condition depending upon the 
conditions that exist at the time of test. Correlations obtained at Pur­
due Universty as part of the quality control study have demonstrated 
that excellent correlation exists between results obtained after drying 
the sample compared to those results obtained prior to drying the 
sample.
IL L U ST R A T IV E  EXAM PLES
The first two examples presented apply to the use of the “one- 
point” compaction test in conjunction with the family of typical com­
paction curves for Indiana soils for determining maximum laboratory 
density of subgrade material. The third example illustrates the use of a 
control curve for determining maximum dry density for subbase mate­
rials based on a field sieve analysis using a No. 4 mesh sieve.
Example No. 1
A sand cone density test was performed on a subgrade material. 
The in-place wet density was determined to be 124.6 pcf. at a moisture 
content of 17.4 percent. This resulted in a field dry density of 106.1 pcf.
When the soil was removed from the hole it was visually noted that 
it was free of stones larger than a No. 4 sieve size and by field judge­
ment was at approximately optimum moisture content. This material 
from the hole was placed in a cylindrical mold and compacted using 
standard compaction test equipment and procedures as specified by 
ASTM  D 698-64T Method A. The results of this test were as follows:
W et density of Sample Compacted in Mold =  127.0 pcf.
Moisture Content of Sample Compacted in Mold =  17.0%
Plotting the above data on the Indiana Typical Curves (see Fig. 4) 
results in a point falling approximately half-way between curves 6 and 
7. The true compaction curve for this sample would be similar in shape 
to curves 6 and 7 and would plot as curve number 6.5. Interpolating 
between curves 6 and 7 on the chart shown in the upper corner of this
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figure, the following values were obtained for this particular subgrade 
sample.
Maximum Laboratory Dry Density =  108.9 pcf.
Optimum Moisture Content =  16.5%
Referring back to the in-place density data and using the preced­
ing “one-point” compaction test data the following results are ob­
tained :
Example No. 2
An in-place field density test was performed on a subgrade soil 
using the sand cone technique. The in-place wet density determined 
from this test was found to be 126.7 pcf. at a field moisture content of 
12.2 percent. This resulted in a field dry density of 112.9 pcf.
When the sample was removed from the hole the technician noted 
that it contained an appreciable amount of stones larger than a No. 4 
sieve and it also appeared to be dry as compared to optimum moisture 
content. Based on these field observations the material was first passed 
through a No. 4 sieve to remove the stones in accordance with the 
requirements of the laboratory compaction test being used. W ater was 
then added to the minus No. 4 material such that it was brought to 
optimum moisture based on the judgment of the field technician. This 
material was then placed in the mold and compacted as noted in the 
previous example. The results of this test were:
W et Density of Sample Compacted in Mold =  130.3 pcf.
Moisture Content of Sample Compacted in Mold =  15.6%
These data when plotted on the Indiana Typical Curves, see Fig. 
4, result in a point falling on curve No. 8. Reference to the chart 
showing maximum dry density and optimum moisture content gives the 
following data for this curve:
Using this information and the data from the sand cone test the 
following results are obtained:
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112.9
a) Per Cent Compaction = --------=  99.6%
113.3
b) The field moisture content is 2.4% below optimum 
Example No. 3
A  sand cone density test was performed on an aggregate subbase 
material. The plus %-in. material was removed from the material taken 
from the density hole and appropriate calculations were made to de­
termine the dry density of the minus ^4-in. fraction. Results of these 
calculations gave the following:
In-Place Dry Density of Minus ^ - in . Material =  134.8 pcf.
The sample of minus ^4-in. material after it was dried was passed 
through a No. 4 sieve and it was found that 67 percent of the material 
passed this sieve. The control curve for this subbase material, see Fig. 
9, was entered on the horizontal axis at the value of 67 percent pass­
ing and a line extended vertically until it intersected the control curve.
Fig. 9. Density control curve for subbase Project B-l.
This point when projected to the vertical axis indicated that the maxi­
mum dry density for this particular sample was 134.1 pcf. Therefore, 
percent compaction was computed as:
Per Cent Compaction =
In-Place Dry Density of Minus %-in. Material
Max. Dry Density of Minus 24-in. Material—Control Curve
134.8




This paper points out methods that can assist in selection of the 
density control values for fills, subgrades, subbases, bases and aggre­
gate shoulders. It seems that it is imperative to take the guess work 
out of selecting the control value and, further, it is believed that most 
inspectors and many project engineers are not qualified to make this 
selection unless techniques similar to those described are used.
Use of the “one-point” compaction technique is recommended for 
fine grained soils. The bureau of materials and tests some time ago 
developed compaction curves which can be adopted for this method and 
it is believed that with minimal training, the inspector can be taught 
how to use the method. The method is used widely by many other 
states and by other countries, the technique is known to be valid, and 
its use is highly recommended.
Techniques for developing control curves for aggregates based upon 
grain size distribution have been known for a number of years and 
are recommended. The method was used for controlling construction of 
the U.S. 41 test road. In connection with this, a theoretical method for 
plotting maximum density as a function of grain size distribution has 
been developed by Humphres of the Washington State Highway Depart­
ment (5). I t is believed, however, that the performance of tests on 
specially prepared samples in the laboratory prior to construction 
offers the best possibility.
A possible new method for determining maximum density has been 
discussed with personnel of the bureau of materials and tests. This 
method is based on vibratory compaction and is presently being inves­
tigated at the research and training center. It is believed, however, that 
use may still need to be made of control curves as described.
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